A combined study of the optical and structural properties of AlGaAs/ GaAs quantum wells is presented. Microphotoluminescence experiments, magnetomicrophotoluminescence, and atomically resolved crosssectional scanning tunneling microscopy were performed on the same quantum well sample. Constant-current topographs with aluminum and/or gallium sensitivity are used to directly extract disorder potentials. Using these potentials, exciton absorption spectra, microphotoluminescence spectra, and diamagnetic shifts of individual exciton states are calculated in an envelope function approximation. Very good agreement between the theoretical and experimental results is found.
I. INTRODUCTION
Semiconductor quantum wells, and, in particular, their optical properties, have been the subject of an enormous amount of research. The deviation from in-plane translational invariance in these systems and the disorder problem have attracted significant interest. 1 Early on, it was recognized that disorder at interfaces leads to electron and hole localization, which influences the light emission from a quantum well. Nowadays, optical spectroscopy is very commonly used to infer upon a number of a quantum well's structural properties such as its interface quality. Especially, enhanced resonant backscattering, 2 resonant Rayleigh scattering, 3 and correlation spectroscopy 4, 5 provided relevant information about disorder. Magneto-optical properties of individual localized exciton states have recently been shown to depend critically on the specifics of the disorder. 6, 7 Optical experiments thus complement data obtained by direct structural techniques such as, e.g., transmission electron microscopy, 8 x-ray diffraction, 9 or scanning tunneling microscopy. 10, 11 In order to obtain quantitative structural information from an optical experiment, some degree of theoretical modeling is required. The spatial confinement of electrons and holes in these structures is usually described by envelope functions in the effective-mass approximation. 12 Given the broad applicability and the frequent use of this approach, it is surprising how little experimental work exists that directly confirms the connection between structure and optics in simple situations. By "directly" we mean that the structural properties of a given sample are measured as precisely as possible, predictions on the optical properties are made from the structural data, and that those are contrasted by an optical experiment.
In this paper, we report on a study of AlGaAs/ GaAs quantum wells ͑QWs͒ representing the prototype III-V heterostructure. A direct connection between the underlying atomic structure and linear optical properties is established: First, the structure was imaged by cross-sectional scanning tunneling microscopy ͑XSTM͒. Experimental details are given in Sec. II. Second, the XSTM data are used to extract the actual QW disorder potentials ͑Sec. III͒. Absorption and microphotoluminescence ͑PL͒ spectra as well as diamagnetic line shifts of localized excitons were computed using structural information directly obtained from the XSTM measurements. In Sec. IV, the four-dimensional Schrödinger equation of the electron and hole motion is solved for potentials generated directly from the measured topographs. Finally, the results are compared to PL and magneto-PL measurements of the same sample in Sec V.
II. EXPERIMENTS
The investigated heterostructure contained five intrinsic GaAs QWs of 4, 6, 8, 10 , and 20 nm nominal widths, separated by 15-nm-wide barriers of intrinsic Al 0.3 Ga 0.7 As. The structure was grown by molecular-beam epitaxy on an exactly ͑001͒-oriented n-doped GaAs substrate with no growth interruptions at the interfaces. The quantum well sequence was sandwiched between n-doped GaAs layers. The doping profile was designed such that the requirements on the concentration of free charges for both experiments were met. At the low temperatures of the PL measurements ͑3 K͒, there were virtually no free charges from the doping in the quantum well region, whereas the room-temperature scanning tunneling probe had a sufficient free-electron density available to carry the tunneling current. The XSTM measurements were performed on an atomically smooth ͑110͒ surface, which had been prepared by in situ cleavage of the sample in an ultrahigh vacuum ͑UHV͒ chamber with a base pressure of less than 5 ϫ 10 −11 mbar. The XSTM tips were chemically etched from polycrystalline tungsten. After transfer into UHV, the tips were annealed at 1200 K, sputtered with 4 kV Ar ions, and characterized by field emission. Cross-sectional constant-current topographs of all five QWs were taken with atomic resolution over lateral lengths of typically 200 nm. After the XSTM measurements, the sample was transferred into a confocal microscope setup with a cassegrain mirror objective, allowing a lateral spatial resolution of 600 nm at a wavelength of 800 nm. Optical excitation ͑ϳ1 W͒ was provided with a dye laser operating at 1.9 eV. The luminescence was dispersed by a 60 cm monochromator with a spectral resolution of 150 eV and collected with a liquid-nitrogen-cooled charge-coupled device. The accuracy with which the optical focus and the position of the XSTM measurements coincided was better than 200 m. 13 It was checked that neither the emission energy nor the inhomogeneous linewidth changed over such a distance. In addition to these PL experiments, magnetic-fielddependent PL spectra were recorded with fields up to B = 10 T applied perpendicular to the QW plane in a Faraday configuration. The details of those experiments are described in Ref. 6 .
A section of the constant-current topograph of the 4 nm QW is displayed in Fig. 1 ͑entire topograph is ϳ200 nm long͒. The image contains the topographic height h͑x , z͒ in linear gray scale, and it shows the variations of the aluminum concentration with atomic precision and chemical sensitivity. Strictly speaking, single aluminum atoms were not imaged, since at the applied negative bias voltages, only the group-V sublattice is visible.
14 Nonetheless, the topographic variation on an atomic scale demonstrates the sensitivity to the aluminum distribution. There is a clear difference in the average height ͗h͑x , z͒͘ x between the well and the barrier regions of about 25 pm. We presume that this height difference not only reflects the global difference in the average aluminum concentrations but that it can also serve as a local gauge for the aluminum distribution in the barriers and at the interfaces.
III. POTENTIAL EXTRACTION AND GENERATION
It is the aim of this work to predict optical properties such as absorption or luminescence spectra of bound electron-hole pairs ͑excitons͒, based on topographs as the one shown in Fig. 1 . The atomic scale contrast of the images allows us to extract the structural properties in the cleavage plane that are needed as input in the calculation of optical spectra.
The topographs are assumed to be a direct representation of the local aluminum distribution and, therefore, the alloy band gap in the structure. A linear scaling of the topographic height h͑x , z͒ to the local band gap is applied as
with b = −19.8 mV/ pm ͑Ref. 15͒ and h 0 being the topographic height in the center of the quantum well. The scaling factor b is determined by the 494 meV band-gap difference 16 between the well and the Al 0.3 Ga 0.7 As barrier. The local band gap is distributed with the standard band offset ratio 17 f e / f h = 0.65/ 0.35 among the single particle electron and hole envelope function potentials V a ͑x , z͒. Here and in the following, the index a denotes the particle ͑e and h for electron and heavy hole, respectively͒.
In the thin QWs considered here, electrons and holes are confined much stronger along the growth direction ͑z͒ than in the plane of the QW ͑x − y plane͒. For example, in the case of electrons in the 4 nm QW, the z-confinement energy amounts to ϳ100 meV, whereas the in-plane disorder confinement is on the order of only 10 meV. We therefore apply a single-sublevel approximation for the z direction. 18 This well-justified separation reduces the exciton equation to a four coordinate problem, reducing the computational effort enormously. In the single-sublevel approximation, the effec- tive in-plane band-gap fluctuations along the x direction can be expressed as
Here, the u a ͑z͒ are the single particle wave functions in the one-dimensional potential derived from the x-averaged confinement potential ͗E G ͑x , z͒͘ x ͑Fig. 1, bottom͒. The potential fluctuations W͑x͒ ͓plotted in Fig. 2͑a͔͒ are the origin of lateral electron and hole localization in this QW, resulting in the inhomogeneous broadening of its optical spectra. Quantitatively, the effective potential W͑x͒ is characterized in terms of its strength ͓standard deviation of potential values , see Fig. 2͑b͔͒ and its spatial correlations. Specifically, we analyze here the potential extracted from the 4 nm QW over a length of 160 nm. First, the potential W͑x͒ is binned on the atomic grid in the x direction ͑atomic row distance ⌬ = 0.4 nm͒, leading to a row vector W͑x j ͒ with j⑀͕1,2, ... ,400͖. The statistical information of the potential is then fully contained in the autocorrelation
The information on the correlations in the growth direction ͑z͒ is qualitatively contained in the value of = ͱC͑0͒.
This can be seen as follows: The value of is completely insensitive to lateral ͑x͒ correlations as it only represents the standard deviation of the potential. If there are, however, correlations of the local band gap in the growth direction, this will result in increased fluctuations of the weighted z average in Eq. ͑2͒, compared with a completely uncorrelated aluminum distribution. The effect of z correlations in the aluminum distribution can be quantified by comparing the determined value with that obtained after an intentional removal of all z correlations from the XSTM image. This can be done, e.g., by randomly shifting the individual atomic rows in the barriers along the x direction with respect to each other. For this situation, one obtains a of about 30% smaller than the actual one. Therefore, we assert that z correlations contribute significantly to the inhomogeneous broadening of the optical spectra. In fact, certain z correlations are already discernible by close inspection of the topograph in Fig. 1 , where weak stripelike contrasts in the z direction are visible, especially in the right barrier regions. The XSTM measurements can certainly only give the disorder potentials in the cleavage plane, y = y 0 , leading to the one-dimensional in-plane potential W͑x͒, which contains the information on the strength and the correlations of the lateral disorder in the x direction. Relevant for the inhomogeneous broadening of excitonic transitions are, however, the disorder properties of the quantum well also in the y direction ͑per-pendicular to the plane of the XSTM image͒. Although both directions are crystallographically equivalent in zinc-blende crystals, the growth takes place on reconstructed surfaces, leading to a possible growth anisotropy in the quantum well plane. Such an anisotropy has previously been observed in optical measurements that showed linearly polarized doublets of states with a preferred polarization direction. 20 That sample had been grown with long interruptions at the interfaces, leading to the formation of large elongated islands at the interfaces. In our case, similar fine-structure splittings of individual states are present, but we did not find a strongly preferred orientation for the investigated sample. Furthermore, the formation of large anisotropic islands at the interfaces is not expected for this sample, as it was grown without any growth interruptions. In addition, island formation is not evident in our XSTM images, as we primarily find very short-range correlations. Finally, it also does not appear in the form of a monolayer splitting of the PL spectra. Consequently, we presume at this stage that the correlations in the y direction do not differ from those in the x direction. This allows us to generate two-dimensional in-plane potentials W͑x , y͒, which contain in all directions the disorder properties found by the XSTM measurement.
Specifically, such in-plane potentials can be obtained by a convolution between a suitable averaging function A͑r͒ and uncorrelated random fluctuations U͑r͒:
Here, r j is now a two-dimensional vector on a square grid in the x − y plane. The averaging function A͑r j ͒ is directly related to the one-dimensional correlation function C͑x j ͒, which in terms of their Fourier components 21 can be expressed as
In the past, different models for the averaging function A and the resulting types of correlations have been proposed. 1 We have obtained best results for an exponential ansatz of the form
where 2 is the potential variance and l c the correlation length. These fitting parameters are determined by a fit of the one-dimensional correlation functions generated using Eq. ͑5͒ to the experimentally determined correlation ͓Eq. ͑3͔͒. A fit in k space ͓see Fig. 2͑c͔͒ yields = 33 .4 meV and l c = 0.39 nm by a least-squares fit. The value of l c on the order of the lattice constant indicates that in the investigated structure, mostly short-ranged correlations over a few lattice constants are present in the aluminum distribution along the x direction.
The potential generated via Eq. ͑4͒ is then distributed between the electron and the hole as W a ͑x , y͒ = f a W͑x , y͒. The four-dimensional Schrödinger equation with these potentials is solved for the in-plane exciton motion, including a magnetic field perpendicular to the QW plane.
IV. HAMILTONIAN
The in-plane Hamiltonian for excitons in a disordered quantum well in effective-mass approximation under applied perpendicular magnetic field B z in the Coulomb relative gauge, neglecting the small spin-orbit coupling, reads 7 where r a = ͑x a , y a ͒ are in-plane coordinates, B is the Bohr magnetion, g a * are the electron and hole g factors, and z a the spin Pauli matrices. All effective masses are in-plane ones ͑m a ϵ m a,ʈ ͒, and = m e m h / ͑m e + m h ͒ is the reduced mass of the exciton. The material parameters used in the calculations are listed in the Appendix. W e ͑r e ͒ and W h ͑r h ͒ denote the disorder potentials for electron and hole, while the effective Coulomb potential is given by
with the static dielectric constant ⑀ S . The two-particle ͑exci-ton͒ Schrödinger equation with the Hamiltonian Eq. ͑7͒,
Ĥ ͑r e ,r h ͒⌿ ␣ ͑r e ,r h ͒ = E ␣ ⌿ ␣ ͑r e ,r h ͒, ͑9͒
allows to obtain eigenstates and eigenvalues E ␣ of the localized excitons. They are the ingredients for the subsequent calculation of absorption spectrum D͑͒ ͑or optical density͒, photoluminescence spectrum P͑͒, and oscillator strengths
͑12͒
N ␣ is the occupation of the state ␣.
The application of a magnetic field results in a Zeeman splitting and, more importantly in this context, in an upward energetic shift of the transition energies. The diamagnetic shift starts quadratically in B z , and we define the diamagnetic shift coefficient ␥ ␣ of the state ␣ as
. ͑13͒
V. RESULTS AND DISCUSSION
In this section, we compare PL spectra and diamagnetic properties of the investigated QW with the results of solving the four-dimensional exciton equation for the potentials extracted from the XSTM topographs. We begin in the absence of an external magnetic field.
A. Microphotoluminescence
In the optical experiments, PL with a spatial resolution of ϳ600 nm was measured. Figure 3͑a͒ shows a PL spectrum of the 4-nm-wide QW, recorded at a temperature of 4 K. Typical features of exciton spectra from disordered QWs can be seen. 22, 23 The spectrum shows an inhomogeneous broadening with individual bright peaks on the lowenergy side due to strongly localized excitons. On the highenergy side, the more continuous spectrum consists of many closely spaced peaks.
In Fig. 3͑b͒ , numerically computed absorption spectra for an area corresponding to the experimental focus are shown as a black line. 24 In order to obtain calculated PL spectra for a useful comparison between experiment and computation, the occupation number N ␣ of the individual states should be known. As a proper calculation of all N ␣ by solving kinetic equations 1 is technically very demanding in this case, we assume a Maxwell-Boltzmann distributed population with an effective carrier temperature T X . From the high-energy tail of the experimental PL, we obtain an effective carrier temperature of T X = 20± 1 K. It is well known that the effective carrier temperature in narrow quantum wells can be significantly above the lattice temperature, 25 and the value obtained here is in good agreement with previous findings. 26 Multiplying the calculated absorption spectrum with a MaxwellBoltzmann factor of the form
results in the gray curve in Fig. 3͑b͒ , which is Stokes shifted by about 2.5 meV with respect to the absorption. In Fig. 3͑c͒ , the experimental and the predicted PL curves are shown together. One can observe excellent qualitative and quantitative agreement of both curves. Due to the randomization procedure that is involved in the generation of the in-plane disorder potentials, the individual peak positions and peak heights are not to be considered significant. Instead, the overall spectral structure and the size of the inhomogeneous broadening should be characteristics for the disorder potential studied. These features are clearly reproduced by the calculations. Certain qualitative deviations are discernible at the low-energy tail of the luminescence, where the predicted luminescence strength of individual states in the calculations tends to exceed those found in the experiments. This is clearly a result of the deviation from an exactly thermal occupation of those tail states in the experiment. 1, 27 Finally, in Fig. 3͑d͒ , an experimental PL spectrum at an elevated temperature of 50 K ͑black͒ is compared with the calculated PL spectrum for T X = 50 K. Again, good agreement of both curves is found, which indicates that the carriers are well equilibrated among themselves and with the lattice at this temperature. The temperature-dependent change in transition energy due to band-gap reduction 17 was taken into account in the calculations of the spectra at the higher temperature. A band-gap difference of 2.5 meV between the lattice temperatures T L = 4 K and T L = 50 K was precisely determined in the experiment from the shift of individual localized states when the temperature was continuously raised. It should be noted that the absolute energy of all theoretical curves was blueshifted by 4 meV in order to achieve the agreement shown above. As the absolute transition energy is a very sensitive function of the material parameters as well as the average QW thickness, possible strain contributions, image charge effects on the binding energy, 28 etc., a more accurate prediction of the absolute energy cannot be expected, given the precision of all known input quantities to the calculation.
In view of the limited number of simple assumptions made in the calculations, the rather accurate prediction of the inhomogeneous broadening and the temperature-dependent line shapes of the ensemble of excitonic states is already striking. In order to get a more detailed description and to further test the validity of our approach, we proceed with the study of diamagnetic properties of individual exciton states.
B. Diamagnetic shift of individual states
In this section, the results of micromagneto-PL measurements are contrasted with the calculations described above, now including a magnetic field perpendicular to the QW plane.
The application of a magnetic field results in a diamagnetic shift of exciton transition energies, 23 with a quadratic field dependence for magnetic fields below several teslas. In the absence of disorder, the diamagnetic shift is given by the expectation value of the quadratic B z term in Eq. ͑7͒, which results in the shift coefficient
The shift coefficient is, therefore, a measure of the spatial extension of the excitonic ͑relative͒ wave function. For an exponential exciton wave function, the expectation value is ͗r 2 ͘ = ͑3/2͒a B 2 , with a B being the Bohr radius of the QW exciton. In the simplest approximation, the dependence on reduced mass is a B ϰ 1/, and, consequently, a scaling like ␥ id ϰ 1/ 3 is expected. As the hole is much heavier than the electron, the electron effective mass plays the decisive role in , and a proper choice of m e is important for a correct theoretical modeling of the diamagnetic shift coefficient 29, 30 ͑see the Appendix͒. In a disordered potential, the lateral localization may squeeze both the center-of-mass motion of the electron-hole pair as well as the relative motion, reducing the FIG. 3 . Comparison between measured PL spectra and spectra calculated from the XSTM data. ͑a͒ Experimental PL spectrum measured at T =4 K. ͑b͒ Calculated absorption spectrum ͑black͒ and predicted luminescence ͑gray͒ for an effective carrier temperature of 20 K, which is a realistic value for a 4 nm QW at 4 K lattice temperature. ͑c͒ For easier comparison, experimental PL ͑4 K, black͒ and calculated PL ͑20 K, gray͒ are plotted in the same graph. ͑d͒ Experimental PL spectrum measured at T =50 K ͑black͒ and calculated PL ͑gray͒ for a thermal carrier population at 50 K. diamagnetic shift coefficients of localized excitons. As the amount of lateral localization will vary from state to state, variations in the diamagnetic shift coefficients can be expected in an ensemble of states. 23 Recently, we have studied theoretically 7 and experimentally 6 the influence of disorder on diamagnetic shifts. We have found a systematic dependence of the shifts of individual exciton states on the state energy, and we refer the reader to these references for further details. Here, we compare the experimentally found diamagnetic shift coefficients with those calculated, again with the use of the XSTM-determined disorder potential. It should be noted that these magneto-optical experiments are again performed on the QW as the XSTM measurements, although in this case not at exactly the same position. As all other optical properties were found to be very homogeneous across the sample, we do not expect this to have a noticeable effect on the results.
In Fig. 4 , the measured diamagnetic shift coefficient ␥ ␣ is plotted for several individual localized states as a function of their state energies E ␣ ͑squares͒, together with the overall shift coefficient of the broadened PL line ␥ tot =22 eV/ T 2 ͑full circle͒. This value is comparable to what has been obtained in previous magnetoluminescence experiments 31-33 on a 5-nm-wide QW ͑25 eV/ T 2 ͒. The individual states show a certain scatter and typically possess smaller shift coefficients than the overall line, pointing to stronger lateral localization of these states. Very accurate shift coefficients could only be obtained for states well separated from the broadened PL line and by averaging over the Zeeman doublet, 6 which poses a limit on the statistics. The overall line and the individual states have shift coefficients smaller than the value obtained in the absence of disorder ͑dotted line at ␥ id =37 eV/ T 2 ͒. The large number of small dots corresponds to the calculated shift coefficients for the states in the XSTM-determined disorder potentials. Both the absolute magnitude of the shift coefficients as well as the small increase of the coefficients with increasing state energy are reproduced by the calculations. Thus, the disorder-induced localization reduces the shift coefficient dramatically due to a shrinkage of the exciton wave function.
VI. CONCLUSIONS
In summary, the correlation between microphotoluminescence and diamagnetic properties and the results of a highresolution postgrowth structural method have been combined to investigate a typical heterostructure with disorder. XSTM constant-current topographs were scaled into envelope function potentials, and it was demonstrated that this method allows an accurate prediction of fundamental optical properties of the structure. These predictions cover photoluminescence and absorption line shapes and linewidths, as well as the diamagnetic properties of individual localized exciton states.
The extracted small correlation length suggests that spatial correlations, which are present in both the growth direction ͑z͒ as well as in the x direction, extend in the investigated sample mostly over only a few atomic distances. This correlation length may seem unexpectedly short, and at this point we cannot exclude certain longer-ranged contributions to the correlation. However, the dominant contribution to the disorder in this structure, grown without growth interruptions, is certainly on the order of 1 nm and below. Additional experimental and theoretical work will be necessary to resolve finer details of the correlation. On the theoretical side, one could use a multimodal approach to the correlation function or employ a more sophisticated interpretation of the XSTM images beyond the linear scaling, e.g., with a densityfunctional approach. Experimentally, XSTM measurements for two perpendicular cleavage planes are desirable, and even larger topographs could in the future improve the statistics on longer correlations. For the present work, a single exponential averaging function was sufficient to obtain convincing agreement between the theoretical computations and the experimental data.
Within the present approach, other types of disorder could be studied, e.g., in QWs produced with growth interruptions or with AlAs/ GaAs interfaces. The experimental and theoretical methods taken here are applicable to a number of heterostructure systems. The combination of both allows us, in principle, to fully characterize and quantify the disorder in the sample. It will yield additional valuable information also on other optical properties and may provide access to a more detailed understanding of the structure-function relation in optoelectronic devices.
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